Abbreviations: WIHG, wound-induced hair growth; TGFβ1, transforming growth factor β1; HF, hair follicle; DT, diphtheria toxin; dpi, days post injury. 
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INTRODUCTION
Hair follicles (HF) undergo repeated bouts of regeneration due to the coordinated activity of multiple hair follicle stem cell (HFSC) populations. These include slow-cycle epithelial stem cells of the bulge (Blanpain et al., 2004) , fast-cycling epithelial progenitors in the secondary hair germ (Greco et al., 2009) , and dermal stem cells of the lower dermal sheath (Rahmani et al., 2014) . Untangling intrafollicular signaling networks has helped to explain how the HF cycle is so tightly regulated. However, alone, they cannot account for various global regenerative patterns exhibited by HFs. For example, HF regeneration occurs in regions with discrete boundaries. This implies coordination among adjacent follicles and the extrafollicular environment and exemplifies the semi-autonomous nature of HF regeneration where both intrafollicular and extrafollicular cues modulate the HFSC niche.
The HFSC niche can be visualized as discrete and dynamic functional domains responsible for maintaining tissue homeostasis in response to physiological and pathological conditions. Examples include intradermal adipocytes (Festa et al., 2011) , dermal fibroblasts (Plikus et al., 2008) , and cutaneous blood vessels (Mecklenburg et al., 2000) . Another component of the HFSC niche are cutaneous immune cells, primarily macrophages and Tlymphocytes. The distribution and function of macrophages correlate with the stages of HF morphogenesis and regeneration (Paus et al., 1998) . The number of perifollicular macrophages increases during anagen and significantly decreases during catagen. Macrophages have been shown to stimulate HF regeneration in normal and inflamed skin through WNT7b/10a and TNFα, respectively (Castellana et al., 2014; Chen et al., 2015; Wang et al., 2017) . In mammalian skin, full-thickness wounds activate surrounding telogen HFs, a phenomenon known as woundinduced hair growth (WIHG). Morphological observations and measurements of HFSC M A N U S C R I P T
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4 proliferation and concomitant WNT activation showed that WIHG begins 7-9 days post-injury (dpi) (Hodgson et al., 2014) . Apoptosis signaling kinase-1 dependent recruitment of macrophages as well as TNFα signaling are required to initiate WIHG (Osaka et al., 2007; Wang et al., 2017) . Although studies have begun to illuminate a role for macrophages in modulating HFSC activity, how macrophages contribute to WIHG is poorly understood. Moreover, macrophages exhibit a diverse range of phenotypes (e.g. pro and anti-inflammatory) that may be specified by the local environment. Understanding the identity of specific macrophage subtypes that promote regeneration will be key in developing therapeutics for wound healing.
We sought to use WIHG as a model of injury-induced regeneration to examine the identity, temporal kinetics, and molecular signaling of macrophages mediating hair regeneration.
We hypothesize that a subset of macrophages during the remodeling phase of wound healing stimulate WIHG. First, we asked whether macrophages are responsible for WIHG. Second, is WIHG dependent upon a specific macrophage phenotype? Lastly, we explore the role of CX 3 CR1 and TGFβ1 in WIHG initiation. To test this, we employ diphtheria toxin-mediated cell ablation and a dual-fluorescent reporter mouse to visualize macrophage dynamics. Our results identify a subset of CX 3 CR1 + macrophages that appear during cessation of the inflammatory period and congregate around HFs at the wound margin in a CX 3 CR1 and TGFβ1 dependent manner triggering WIHG.
RESULTS
WIHG is dependent upon CD11b
+ F4/80 + cells
We began by monitoring HF regeneration between 10 and 15dpi, the moment anagen bulbs were visible from underneath the dermis (Figure 1a ). At 10-11dpi, WIHG began uniformly around the wound as a ring of anagen follicles circumscribing the wound. By 13 and 15dpi, M A N U S C R I P T
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5 regeneration spread outwards into regions of uninjured skin. This suggests that WIHG is stimulated by a uniformly distributed wound-derived factor with an ensuing regenerative outgrowth sustained independent of the wound site. The delay between injury and WIHG suggests that HF regeneration does not occur in response to acute damage, but rather in response to signals that arise during the remodeling phase of wound healing.
To investigate the role of macrophages in WIHG, we temporally ablated CD11b + cells using CD11b-DTR transgenic mouse. Four diphtheria toxin (DT) regimens were administered in wildtype and CD11b-DTR mice: low-dose DT every other day between -1 and 12dpi (regimen i), or high-dose DT injections between -1 and 3dpi (early), 3 and 7dpi (middle), and 7 and 11dpi
(late) (Figure 1b (Jung et al., 2002) . When CD11c-DTR eGFP mice were administered DT at 7 and 9dpi, immunohistochemical and flow analysis revealed successful depletion of eGFP hi cells with no effect on eGFP lo macrophages/monocytes (Figure 2b -e).
Furthermore, wounds lacking eGFP hi DDCs were capable of stimulating WIHG (Figure 2a ).
Mast cells (MCs) have been shown to stimulate HF growth in depilation-induced HF regeneration (Paus et al., 1994) . We observed robust WIHG by 21dpi in MC-deficient Kit w-sh/w-sh mice (Figure 2f-g ).
Wound macrophages transition from a CX 3 CR1 lo/med to a CX 3 CR1 hi phenotype at the onset
of WIHG
Wound macrophages possess an impressive phenotypic diversity Daley et al., 2010) . To uncover the macrophage phenotype responsible for WIHG, we employed CX 3 CR1 gfp/+ :CCR2 rfp/+ mice to capture the dynamic spectrum of macrophage phenotypes (DalSecco et al., 2015) . CCR2 and CX 3 CR1 are differentially expressed chemokine receptors in monocytes and tissue macrophages associated with pro-inflammatory and anti-inflammatory phenotypes, respectively. Confocal microscopy of 8-week old uninjured mice revealed dermal M A N U S C R I P T
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7 cells co-expressing GFP and RFP along the entire green-red spectrum ( Figure 3A , S1a) and the two blood monocytes populations were discernable on flow cytometry ( Figure S1c ).
Temporal analysis of the monocyte/macrophage response in CX 3 CR1 gfp/+ :CCR2 rfp/+ wounds revealed monocyte influx around HFs most proximal to the wound edge ( Figure 3A -B, S1b Our temporal analysis revealed an early CX 3 CR1 med CCR2 + phase followed by a late 
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CX 3 CR1 deficiency prevents the CX 3 CR1 hi transition and blocks WIHG CCR2 and CX 3 CR1 are important chemokine receptors during wound healing (Ishida et al., 2007; Willenborg et al., 2012 Figure 4g ) and a decrease, rather than increase, in CX 3 CR1 hi CCR2 + cells (4.7±1.0% vs 13.2±1.0%; p=0.0009; Figure 4h and S3c-d). Indeed, the total number CD11b + cells by 8dpi was reduced by 57.6% (26.0±1.6% vs 11.0±2.5%;p=0.002; Figure 4i ).
In CCR2 rfp/rfp wounds, 1dpi monocyte infiltration was absent (3.4±0.8% vs 34.6±0.8%; Figure 4d ). Previous reports have demonstrated the role of CCR2 in the recruitment of monocytes into foci of active inflammation (Kurihara et al., 1997) . By 8dpi, the percent of In all, CX 3 CR1 and not CCR2 is required for WIHG. The critical role of CX 3 CR1 in the CX 3 CR1 hi transition and WIHG can be explained by the observation that interactions between CX 3 CR1 and its ligand CX 3 CL1 are essential for monocyte survival (Landsman et al., 2009 ).
TGFβ β β β1 signaling is necessary for WIHG
TGFβ1 is a critical cytokine in all three phases of wound healing promoting leukocyte migration, angiogenesis, the fibroblast to myofibroblasts transformation and collagen synthesis (Lichtman et al., 2016) . In uninjured skin, the telogen dermal papilla activates HFSCs and regeneration via TGFβ signaling (Oshimori and Fuchs, 2012) . We asked whether macrophage- We also topically applied SB431542, a selective inhibitor of TGFβ receptor type-1 (Alk5) (Inman et al., 2002) The TGFβ superfamily exerts pleiotropic effects on wound healing (Lichtman et al., 2016) .
DISCUSSION
We show that TGFβ1 is required and sufficient for injury-induced HF regeneration however the exact mechanism underlying this relationship remains unclear. We attempted to answer whether CX 3 CR1-derived TGFβ1 is directly responsible of WIHG by specifically and temporally deleting TGFβ1 in CX 3 CR1 expressing cells after injury (CX 3 CR1 CreERT2 :TGFβ1 flox/flox ; Figure   S4a ). Unfortunately, interpreting the results of the experiments was not possible since all mice, including oil-treated and cre-negative control mice, failed to exhibit WIHG. A plausible explanation for this is that the TGFβ1 flox/flox transgene is disrupting HF regeneration. However,
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since HFs lacked pSMAD2 expression after injury, TGFβ1 likely stimulates WIHG indirectly.
By synthesizing the results of this study and previous studies a unique model of WIHG emerges (Figure 6j ). First, full-thickness injuries downregulate BMP-mediated repression of HF regeneration by 5dpi (Lewis et al., 2014; Plikus et al., 2008) . Second, the gradual rise in TGFβ1 expression, a known chemoattractant, attracts CX 3 CR1
hi TNFα + macrophages to the perilesional space by 8dpi (Wahl et al., 1987; Lichtman et al., 2016 TGFβ1 during anagen induces premature catagen (Foitzik et al., 2000) , whereas TGFβ1 injections in the perilesional space, as our data shows, promotes anagen entry. During normal HF cycling, dermal papilla derived TGFβ2 upregulates pSMAD2/3, BMP antagonists and the mitotic activity of HFSCs within the secondary germ (Oshimori and Fuchs, 2012) . Conversely, our data reveals that injury-induced HF regeneration occurs independent of canonical TGFβ signaling. Overall, our work reinforces the complexity of TGFβ signaling during HF regeneration and highlight the importance of environmental context in determining its ultimate functional impact. Previous studies have shown population level snapshots of wound macrophages Daley et al., 2010) . Our work further identifies monocyte/macrophage subsets, traces their dynamic changes and reveals their functional heterogeneity over the course of wound healing. Studies of liver and skeletal muscle injury revealed similar temporal kinetics and M A N U S C R I P T
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14 compelling evidence for the in-situ transition of pro-inflammatory macrophages into antiinflammatory macrophages (Arnold et al., 2007; Dal-Secco et al., 2015) . (Auffray et al., 2007; Clover et al., 2011; Landsman et al., 2009 ). We propose that in CX3CR1-deficient mice, macrophages are unable to initiate appropriate prosurvival signaling hence the accelerated loss of CX 3 CR1 hi macrophages. Future studies should clarify the role of CX 3 CR1-CX 3 CL1 signaling in the context of injury and tissue regeneration.
Chronic wounds in diabetic models show an attenuated recruitment of anti-inflammatory macrophages, diminished levels of TGFβ1, and a distinct cytokine and chemokine profile compared to normal wounds (Okizaki et al., 2015; Bekeschus et al., 2017) . A recent study showed that injecting supra-physiologic levels of murine macrophages accelerated wound healing in diabetic mice (Hu et al., 2017) . Monocytes derived from diabetic patients initiated a M A N U S C R I P T CCR2 rfp/rfp mice were generated in house. Control C57BL/6 mice were obtained from Charles River. Mice were male, wounded between 7-10 weeks of age, and housed individually to prevent fighting. CD11b-DTR mice received 5ng/g or 25ng/g DT injections intraperitoneally. CD11c-DTR/eGFP mice received 8ng/g DT injections (i.p., Sigma Aldrich).
All animal experiments received prior approval of the University of Calgary Health Sciences
Animal Care Committee and were in accordance with guidelines set by the Canadian Council on Animal Care.
Excision wounds and cell isolation
Full-thickness wounds were created on the dorsal skin using an 8mm sterile disposable biopsy punch. Mice were anesthetized with isoflurane, shaved and sterilized with 70% ethanol. 4
wounds were made for flow analysis. Single wounds were made when assessing WIHG. Wounds M A N U S C R I P T
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were excised, perfused in cold PBS then dissociated into single cells using collagenase (Sigma) and DNase for approximately 90 minutes in 37C.
Analysis of Wound Cells by Flow Cytometry
Dissociated single cells were analyzed using a FACSAria III (BD-Biosciences). Gating was determined by analyzing strain-specific wildtype animals to identify true negative cell populations. Cells exhibiting fluorescence intensities exceeding negative gates were further partitioned according to their level of fluorescence intensity (Lo, Med, Hi) ( Figure S1c ).
Intradermal injections and Topical treatments
50µg of rat anti-mouse IL-4 and IL-10 (R&D systems) were mixed into 50µL of sterile PBS.
25µL was injected intradermally at the caudal and cephalic borders of each wound. Injections were done carefully to not stimulate anagen. 100ng/day of recombinant human TGFβ1 (R&D systems) was injected using the same method. Rat IgG1 and BSA were used as controls. We topically applied 10-15µL of 1-10mM SB431542 (Sigma-Aldrich), dissolved in DMSO between 5-14dpi.
Immunofluorescence Staining and Imaging
Skin samples were fixed for 48-hours in 2-4% paraformaldehyde at 4 o C followed by 24 hours in 20% sucrose and snap frozen in OCT (Sakura). Image collection was done using a Leica SP8 spectral confocal microscope.
Statistical Analysis
All data are represented as mean±SEM. Data were analyzed using GraphPad Prism 6 Software using two-tailed t-tests, one-way Anova or Kruskal Wallis and Mann-Whitney for nonparametric data sets. p<0.05 was considered significant. Also see Figure S3 . 
